In this study, we genotyped Campylobacter isolates from wild birds by multilocus sequence typing (MLST) and analysed their virulence genes by PCR with the aim to gain a deeper understanding of the epidemiology of Campylobacter infection.
infections (van Putten, van Alphen, Wosten, & de Zoete, 2009 ).
C. jejuni and C. coli are the most prevalent Campylobacter species implicated in human illness ).
Campylobacter species have been isolated from a variety of sources, including wild and domestic animals, food and the environment. Therefore, these sources potentially play an important role in the epidemiology and evolution of Campylobacter (Levesque, Frost, Arbeit, & Michaud, 2008; Strachan et al., 2009 ). Due to their great mobility, wild birds may play a direct or indirect role in the zoonotic transmission of Campylobacter through faecal contamination of raw plant food material or final products (Gardner et al., 2011; Kapperud et al., 2003) . Thus, despite the low frequency of human infection due to zoonotic agents from wild birds, the risk of human infection from this source is endless (Gardner et al., 2011; Weis et al., 2016) . In particular, children are more likely to come into contact with birds and/or their faeces whilst playing in open public spaces (French et al., 2009 ).
Also, urban areas can have higher incidence of Campylobacter infection of wild bird origin than rural areas ).
Another important route of human infection is via surface water contaminated with wild bird's droppings (Mughini-Gras et al., 2016) .
This represents a risk to public health in places where water is not treated before consumption or is used for recreational purposes (Hokajarvi et al., 2013; Varslot, Resell, & Fostad, 1996) . In addition, wild birds have been identified as reservoirs for pathogenic Campylobacter and can be responsible for its transmission to food animals (Sippy et al., 2012) .
The specific virulence mechanisms of Campylobacter in human disease have not yet been adequately elucidated, although specific properties involved in adhesion, colonization, invasion and toxin production appear to be necessary in the process of infection (Young, Davis, & DiRita, 2007) . The best-characterized toxin in Campylobacter species is the cytolethal distending toxin (CDT); three adjacent genes, cdtA, cdtB and cdtC, encode the three subunits of CDT in Campylobacter spp., amongst which, cdtB is the active subunit that is delivered into host cells, a process that requires the cdtA and cdtC subunits (Dasti, Tareen, Lugert, Zautner, & Gross, 2010; Young et al., 2007) . Other genes that play a role in the pathogenesis of Campylobacter are flaA, cadF, racR and dnaJ, which are responsible for colonization and adhesion, and virB11, ciaB and pldA, which are responsible for invasion (Young et al., 2007) . The wlaN gene is presumably involved in the expression of ganglioside mimics in GuillainBarr e syndrome (Young et al., 2007) . These virulence genes are frequently reported in isolates from various sources especially humans and poultry (Bang et al., 2001; Datta, Niwa, & Itoh, 2003) . However, little is known about these genes in wild bird isolates (Bang et al., 2001; Gargiulo et al., 2011; Talukder et al., 2008) .
A wide range of free-living and migrating birds serve as natural reservoirs for Campylobacter species, which are pathogenic to humans (French et al., 2009; Weis et al., 2014) . Investigation of the molecular epidemiology of Campylobacter in wild birds appears to be essential to understand the role of wild birds in disease transmission. Therefore, in this study, we genotyped Campylobacter isolates from wild birds by multilocus sequence typing (MLST) and identified their virulence genes with the aim to gain a better understanding of the epidemiology of Campylobacter infection.
| MATERIALS AND METHODS

| Collection and culture of bacterial isolates
In total, 60 isolates of Campylobacter including 53 C. jejuni and 7 C. coli isolates from wild birds were included in the present study (Supporting information Table S1 ). All the isolates were collected during a survey of Campylobacter from wild birds in South Korea from April to December 2012 (Wei, Cha, Kang, & Jang, 2015) . The survey targeted 1,517 individual birds of various species throughout South Korea, and 6% of the birds tested positive for Campylobacter infection, with one isolate obtained from each positive wild bird.
Campylobacter isolates were grown on 5% sheep blood agar plates (Komed, Seongnam, South Korea) at 42°C for 48 h under microaerobic (5% O 2 , 10% CO 2 , 85% N 2 ) conditions.
| Detection of virulence and toxin genes by PCR
Total DNA templates were prepared from Campylobacter colonies freshly grown on blood agar (Komed, Seongnam, South Korea) by adding 500 ll of sterile distilled water and boiling in a heater block at 100°C for 15 min, followed by centrifugation at 19,090 g for 10 min. Template DNA was stored at À20°C until used for PCR. In total, 11 virulence genes (flaA, dnaJ, racR, cadF, pldA, virB11, ciaB, cdtA, cdtB, cdtC and wlaN) were assessed by PCR using a specific set of primers previously described for each gene (Bang et al., 2003; Datta et al., 2003) . PCR conditions were as follows: 35 cycles of denaturation at 94°C for 30 s, annealing at a temperature specific to each primer pair for 45 s, extension at 72°C for 90 s and a final extension step at 72°C for 10 min. PCR products were separated on 1.5% agarose gels and DNA bands were stained with ethidium bromide and visualized using a gel document system.
| Multilocus sequence typing
Multilocus sequence typing was performed by sequencing 7 housekeeping genes, aspA (aspartase A), glnA (glutamine synthase), gltA (citrate synthase), glyA (serine hydroxymethyltransferase), pgm (phosphoglucomutase), tkt (transketolase) and uncA (ATP synthase alpha subunit), under conditions described previously (Dingle et al., 2001 ). Products were sequenced on an ABI 3130 automated DNA sequencer using ABI BigDye Terminator v3.1 Cycle sequencing kit and ABI PRISM genetic analyzer (Applied Biosystems, Foster City, CA, USA). Allele numbers, sequence types (STs) and clonal complexes (CCs) were assigned using the PubMLST database (http://pubmlst. org/campylobacter/). Minimum spanning trees were constructed with the BioNumerics program v7.5 using the allelic data sets from the PubMLST database, as well as the STs from humans and ducks, reported previously in South Korea (Shin, Oh, Kim, Jung, & Lee, 2013; Wei et al., 2014) .
We accessed the overlap of MLST alleles between the wild bird isolates in this study and isolates from human and other sources in the PubMLST database, including isolates from human stool, blood or other human unspecified sources; poultry related samples such as faeces, farm environment, or retail meat; and livestock-related samples including faeces, farm environment, retail meat or milk. As environmental water and wildlife represent closed niches, and are always classified into a group (Hepworth et al., 2011; Sheppard, Dallas, Strachan et al., 2009) , we defined the environmental isolates as those obtained from nondomestic animals or from nonagricultural environments, including wild birds, environmental water and the soil.
| Statistical analysis
Statistical analysis of the occurrence of virulence genes in the C. jejuni and C. coli isolates was performed using the chi-squared test with SPSS version 16.0. A value of p < 0.05 was considered to be statistically significant. (Table 1) . Fifteen STs were identified from 22 isolates of Campylobacter from mandarin ducks, and 12 STs were identified from 17 isolates from mallards.
| Phylogenetic analysis of C. jejuni strains
A minimal spanning tree illustrating the phylogenetic relationships of C. jejuni isolates from South Korea was generated from the MLST data ( Figure 1 ). The STs from wild bird isolates in this study and other STs obtained from the human population of South Korea as published in PubMLST database and described by Shin et al. (2013) were compared. The genetic diversity of the C. jejuni strains from wild birds and human clinical cases was studied. In total, 82 alleles were identified across all 7 loci; 69 alleles, ranging from 6 alleles at uncA to 13 alleles at gltA, were identified in C. jejuni. Of the C. jejuni alleles from wild birds, 87.0% could be found in human isolate data in PubMLST, and all of the 8 aspA and 6 uncA alleles could be found in human isolates. Most of the alleles of isolates from wild birds, ranging from 50.0% of glnA and pgm alleles to 72.7% of tkt alleles, shared a common source with those of poultry, livestock and environmental isolates. Eight alleles from 5 housekeeping genes (glnA, gltA, glyA, tkt and uncA) in C. jejuni were identified from the environmental samples.
In C. coli, 2 of 3 STs (ST-855 and ST-1593) (66.7%) overlapped with those of human clinical isolates and one ST (ST-855) had been isolated previously from humans, poultry, livestock and the environment. A total of 13 alleles were identified in C. coli and shared a common source with those from human, poultry, livestock and environmental isolates.
| Frequency of virulence genes in wild bird isolates
Results of PCR detection of virulence and toxin genes in C. jejuni and C. coli isolates were shown in Table 3 . The prevalence of each gene suggested its potential role as an important biological and pathogenic factor in Campylobacter infection. All of the 11 virulence genes were detected in the wild bird isolates. All 60 Campylobacter spp. isolates from wild birds carried the cadF gene. The flaA gene was present in 45 isolates of C. jejuni (84.9%) and all 7 isolates of C. coli. The genes cdtB and cdtC were present in 52 (98.1%) and 50 (94.3%) isolates of C. jejuni, respectively, and in all 7 isolates of C. coli. The frequencies of the virB11 gene in C. jejuni and C. coli isolates were 6 (11.3%) and 2 (28.6%), respectively. The wlaN gene was detected only in C. jejuni isolates (6/53, 11.3%). The occurrence of the virulence genes did not differ significantly between C. jejuni and C. coli. There was no difference in the prevalence of virulence genes in the Campylobacter isolates with STs that overlapped only with those of environmental samples, and STs that overlapped with those of poultry, livestock or human samples. In parentheses, the number of isolates from each bird. One isolate was recovered per bird.
| DISCUSSION
Campylobacter species carried by wild birds have been identified to be potentially pathogenic to humans based on several well-characterized outbreaks of infection and the observation that children playing in areas with bird droppings were at an increased risk of infection (Gardner et al., 2011; Kapperud et al., 2003) . These stud- (Table 2) , and 2 STs (ST-21 and ST-137) overlapped with those from South Korean humans subjects (Shin et al., 2013) . ST-137, the founder ST of CC-45, was the most common ST identified in samples from wild birds and has also been described to be highly prevalent in other animal sources and human campylobacteriosis cases (Colles, Ali, Sheppard, McCarthy, & Maiden, 2011; Col- les & Maiden, 2012; Keller & Shriver, 2014). These findings suggest F I G U R E 1 Minimum spanning tree of Campylobacter jejuni sequence types (STs) from animals and humans in South Korea created using BioNumerics software v7.5 (Applied Maths). Each ST is represented by a circle; the size of each circle is proportional to the number of isolates comprising that ST. Circles (STs) are linked by lines indicating allelic variation. Background shading highlights clonal complexes. The colour of each ST indicates the animal host from which each isolate was recovered (green-human, red-wild bird, blue-duck, yellow-pig, sky blue-chicken). Thick and short lines connect single-locus variants, thin and longer lines connect double-locus variants and dashed lines represent three or more allele differences that ST-137 is a well-adapted genotype able to survive in various hosts better than other STs (Colles & Maiden, 2012) . In addition, the presence of 9 isolates of ST-137 in 4 wild bird species (mandarin duck, mallard, spot-billed duck and dunlin) suggests that ST-137 had been spread amongst different species of wild birds. Furthermore, an increasing public health threat is that ST-137 could disperse to environmental water by these waterfowl and shorebirds. Some STs found in wild birds are the only source for human infection (French et al., 2009; Keller & Shriver, 2014 Wild birds not only act as a reservoir for Campylobacter, but also can contribute notably to the dissemination of antibiotic resistance, as previously reported in seabirds (More et al., 2017) . In our study, two isolates of ST-137 with ciprofloxacin resistance were obtained from different wild bird species and from different regions, which suggests that the development of antibiotic resistance in wild birds is complex and broad. Furthermore, more attention should be given to ST-137 with respect to antibiotic resistance as this is a multi-host genotype and might freely disseminate into different hosts. We found that isolates of ST-855, ST-1593 and ST-5452 from wild birds are multidrug resistant, which could affect poultry and humans population, suggesting that wild birds play an important role in the epidemiology of Campylobacter infection.
In the current study, no new allele sequences were found, and all new STs resulted from new combinations of alleles described in the MLST database. These results are in agreement with a previous study showing that the mutation frequency in the MLST alleles is substantially lower than the recombination frequency, and that the large number of new Campylobacter STs is mostly generated by the reassortment of existing alleles (Schouls et al., 2003) . Housekeeping genes from Campylobacter undergo frequent recombination that can occur during mixed colonization of unrelated strains in a single host (Sheppard et al., 2014; Yu et al., 2012) , which demonstrates that such MLST housekeeping gene alleles may circulate in wild bird species. In our results, most of the MLST alleles of wild bird isolates shared a common source with those from human, poultry, livestock and environmental isolates. Moreover, 87% of the MLST alleles from C. jejuni and all of the alleles from C. coli were identified in human isolates (Table 2) . If the STs were generated by recombination within housekeeping gene alleles that are in common with those in human isolates, the resulting STs would likely also overlap with those in humans (Schouls et al., 2003) . As most Campylobacter isolates were from waterfowl in this study, the exchange frequency in this species may be greater than that in other wild bird species.
It has been reported that Campylobacter has a high degree of host specificity with little overlap of genotypes between wild birds and domestic animals (Hepworth et al., 2011) . In contrast to a previous study that showed that only ST-45 was shared between wild birds and domestic ducks in the UK (Colles et al., 2011) , our results STs from domestic ducks in South Korea (Wei et al., 2014) . Furthermore, 13 C. jejuni STs (44.8%) and all 3 C. coli STs (100.0%) from wild birds were associated with multiple sources including poultry, livestock and/or environmental samples. This may suggest an increasing exchange of Campylobacter strains amongst different ecological niches and wild birds (Hepworth et al., 2011) .
Similar to previous studies, several host-associated alleles were identified in this study (McCarthy et al., 2007; Miller et al., 2006) .
For instance, 5 loci with 7 alleles were identified only in environmentally derived strains (Supporting information Table S4 ). The alleles tkt-42 and uncA-90 were identified only in environmental samples and human isolates. The presence of host-associated MLST alleles suggests that source tracking may be possible in Campylobacter (Miller et al., 2006) . In such a case, alleles like tkt-42 and uncA-90 would be very useful for source tracking, where a single MLST locus of tkt or uncA could be used to identify Campylobacter from human clinical strains and environmental strains rather than using all 7 MLST loci. In addition, as pgm-488 seems to be specific to poultry and tkt-136 to the environmental samples, these alleles may also be useful for source tracking.
For a better understanding of the pathogenicity of Campylobacter isolates from wild birds, we looked for major virulence-associated genes in Campylobacter. The cadF gene codes for one of the most important outer membrane proteins involved in intestinal epithelial T A B L E 3 Prevalence of virulence-associated genes amongst Campylobacter jejuni and Campylobacter coli isolates from wild birds cell attachment and colonization, and in this study, all of the C. jejuni and C. coli isolates from wild birds carried this gene. This result was consistent with that of a previous study in Japan where all of the C. jejuni isolates carried the cadF gene, suggesting that this gene is conserved amongst different sources (Shyaka et al., 2015) . With respect to CDT, our results confirm the high prevalence of cdtA, cdtB and cdtC genes both in C. jejuni and C. coli isolates. Production of CDT has been shown to be involved in disease development and cell cycle arrest in the G2 transition phase, leading to progressive cellular distension and host cell death (Young et al., 2007) . The high prevalence of toxin genes in this study is consistent with the result of a previous study in wild waterfowl (Gargiulo et al., 2011) . On the contrary, Weis et al. (2014) detected CDT in only 20% of C. jejuni isolates obtained from American crows (Corvus brachyrhynchos), whilst all C. jejuni isolates from crows (Corvus corone and C. macrorhynchos) sampled in Japan were positive for cdtB and cdtC (Shyaka et al., 2015) . These results suggest that the CDT genes may be frequently present in Campylobacter from certain wild bird species, especially waterfowl.
It is worth noting that 6 C. jejuni isolates from wild birds harboured the wlaN gene, and this result is in line with a previous study where wild bird isolates carried this gene, which might be needed for the development of Guillain-Barr e syndrome after Campylobacter infection (Gargiulo et al., 2011; Kwan et al., 2014) . The virB11 gene, which is found on the pVir plasmid (Bacon et al., 2000) , was detected in 6 isolates (11.3%) of C. jejuni and 2 isolates (28.6%) of C. coli. These results are in agreement with those of Biswas, Hannon, Townsend, Potter, and Allan (2011) who found that the majority of the Campylobacter strains of human and domestic animal origin did not contain the pVir plasmid. Although the role of the pVir plasmid in virulence and disease development is not clear, Tracz et al. (2005) suggested that this plasmid might have a significant role in serious cases of disease caused by C. jejuni.
It is important to note that Campylobacter isolates from wild birds in this study carried virulence genes at a high rate. Campylobacter infection is a multifactorial process, and the absence of any of these factors can limit or reduce its pathogenic and virulence potential (Dasti et al., 2010) . It is notable that all of the 11 virulence genes could be detected in wild bird isolates and the distribution of important virulence genes tested in this study was similar to that of previously described human and poultry Campylobacter isolates (Datta et al., 2003) . The high prevalence of these virulence genes in different sources indicates that these genes are conserved amongst humans, domestic animals and wild birds. This suggests that Campylobacter isolates from wild birds, with STs that overlapped either with those from environmental samples or with ST from a diversity of sources, might be potentially pathogenic to humans. Moreover, wild birds carry Campylobacter isolates that cause abortion in livestock (Sippy et al., 2012) . A previous study showed that abortion was associated with the co-existence of a specific cdtC allele and tetO gene (Weis et al., 2016) . All 9 tetracycline-resistant strains (Supporting information Table S2 ) of Campylobacter from wild birds contained both cdtC and tetO genes, suggesting that wild birds might act as an important zoonotic reservoir of Campylobacter strains with this pathogenic potential. Thus, the genetic sequence of cdtC from wild birds and the role of cdtC and tetO genes in this livestock disease should be further examined.
In conclusion, our study shows a high prevalence of virulence genes in wild bird Campylobacter isolates with STs that overlap with those from a broad range of sources, or with STs that are limited to environmental samples. From a public health perspective, wild birds act as a reservoir of potentially pathogenic Campylobacter strains and can be a vehicle of disease transmission. The complete understanding of the epidemiology of Campylobacter infection requires further studies in a range of environmental niches, including wild birds. We believe our results will provide useful information for further understanding the mechanisms of pathogenesis in C. jejuni and C. coli. Additional studies on other virulence loci, bacterial motility, invasion, cytotoxicity and growth in vivo would be helpful to elucidate the role of wild birds in causing Campylobacter infection in humans and domestic animals. 
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